The purpose of this study was to examine the effects of coordination exercises on brain activation as measured by functional MRI. In this study, we defi ned coordination exercises as exercises with a greater degree of complexity and quality, as compared to the control exercises. We hypothesized that coordination tasks evoke more brain activation than control tasks, based on the attributes of coordination exercises requiring adjustment and judgment. Two experiments were designed to study the differences in the effects of brain activation between the coordination exercises and the simpler movements of the control exercises. The fi rst experiment compared brain activation when subjects viewed video images of the coordination exercises with that when they viewed video images of the control exercises. The second experiment compared brain activation when subjects actually performed the coordination exercises with that when they performed the control exercises. These experiments demonstrated that performing and viewing coordination exercises activated the brain activities related to motor control to a much greater degree than those of the control exercises. The results of this study indicate that coordination exercises contribute to the improvement of motor activities and also cognitive control, lending support to claims for the effectiveness of coordination training in medicine as well as in sports.
Introduction
Coordination motor abilities can be defi ned as the integrating abilities of muscles and neurons. The concept of coordination abilities was fi rst advocated by Bernstein (1967) . He considered coordination abilities as being the control of muscle and joint movements, and claimed the importance of coordination abilities in physical movements. Schnabel (1973) classifi ed coordination abilities into seven factors: reaction, rhythm, balance, orientation, coupling, transformation and differentiation. A great amount of literature on coordination has focused predominantly on motor control (Lagarde, et al., 2005; Vangheluwe, Wenderoth & Swinnen, 2005; Forner-Cordero, et al., 2007) . Several studies have been carried out on the relationship between coordination abilities and child development (Zimmermann, Schnabel & Blume, 2002; Kirino & Azumane, 2004; Lyakh & Sadowski, 2006) . For the growth of a child, coordination training strengthens muscle tissue and the cardio-respiratory system, as well as the network of the central nervous system. In the fi eld of kinesiology, the organizational principle of symmetry has been studied in the neural control of complex movements from the viewpoint of coordination (Li, et al., 2005) . All of these studies deal with the relationship between coordination abilities and physical movements. In sports, coordination exercises are useful in developing the following functions: quick and accurate data processing, the formation of schema in the acquisition of movements, and motor control for the achievement of a specifi c task.
In the medical fi eld, the usefulness of coordination training has been reported in several studies in two limited areas: the prevention of falls and rehabilitation (Oster, et al.,1997; Franssen, et al., 1999; Rebel, 2000; Yokohata, 2002; Cauraugh, 2004; Kakebeeke, Roy & Largo, 2006) . Most of these medical-related studies have been limited to the application of coordination training to rehabilitation. It has been reported that early diagnosis and treatment of conditions that can jeopardize limb coordination, as well as coordination training, might help cognitively impaired older people to maintain optimal function (Franssen, et al., 1999) . Sports therapy or dance therapy that includes elements of coordination training has been clinically useful in the treatment of psychiatric disorders. However, the effect of coordination abilities on mental conditions has not been systematically studied.
Coordination abilities require the integration of a network for information processing in the central nervous system, including visual and auditory perception, labyrinthine sense, cutaneous sensation and kinesthesia. Based on these attributes, we hypothesized that coordination tasks evoke more brain activation than simple motor tasks. There are some studies which have provided behavioral and functional MRI data on skilled motor performance (Sadato, et al., 1997; Hund-Georgiadis & von Cramon, 1999; Jantzen, Steinberg & Kelso, 2004; Kraft, et al., 2007) . Karni, et al., (1998) showed that even a limited training experience could induce behaviorally signifi cant changes in brain activity. We were interested in observing how coordination exercises differ from simple movements with respect to the brain activities related to motor control.
The purpose of the present study was to examine the effects of coordination exercises on brain activation measured by functional MRI (fMRI). All the movements including control exercises in this study require coordination abilities. In this study, we defi ned the coordination exercises as exercises with a greater degree of complexity and quality compared to the control exercises. We hypothesized that coordination tasks evoke more brain activation than control tasks, based on the attributes of coordination exercises requiring adjustment and judgment, as defi ned in this study. The two experiments on motor control were designed to study differences in the effects of brain activation between the coordination exercises and the control exercises consisting of simple movements. The fi rst experiment on motor control compared brain activation when subjects viewed video images of coordination exercises with that when they viewed the video images of the simple movements. The second experiment on motor control compared brain activation when subjects actually performed the coordination exercises with that when they carried out the control exercises. We were interested in testing the hypothesis that viewing or performing coordination exercises evokes more brain activation than viewing or performing simple movements.
Subjects and Methods

Subjects
Thirteen healthy college students (5 males and 8 females, 21.2 ± 1.2 years old) participated in Experiments I and II. They were all Japanese undergraduate students who were not athletes. After a complete description of the study was given to them, they gave informed consent for the protocol.
Experimental design
T h e f M R I s e s s i o n s w e r e h e l d a t J u n t e n d o University Hospital. In all fMRI sessions, a blocked design (Box-car) was employed (Figure 1) . Each stimulus was presented against a white background that subtended at a visual angle of 5.4° x 5.4°. A computer was used to control stimulus timing and presentation. Visual stimuli were delivered to an active matrix LCD (Liquid Crystal Display) panel and back-projected onto a translucent screen mounted on the patient gurney of the scanner. The subjects viewed the stimuli through a mirror mounted in the head coil.
Experimental tasks 2.3.1. Experiment I: Viewing
Experiment I aimed to assess the effects of imagining coordination exercises and control exercises on brain activation at the time of viewing the video images. The subjects were instructed to imagine that they were performing training while viewing video images of coordination exercises and control exercises which were projected onto the LCD panel. Coordination exercises were those exercises which required judgment regarding the given tasks and adjustments to changes in the situation, while the corresponding control exercises needed little adjustment or judgment. In this experiment, we http://www.soc.nii.ac.jp/jspe3/index.htm 100 employed three types of coordination exercises and three corresponding control exercises. The three types of coordination exercises were: the movement of bouncing a ball, turning around and catching the ball (Type 1); stepping forward on one foot and alternately jumping forward on two feet (Type 2); and, two persons passing two balls to each other. One person bounced a ball and then passed it, and the other passed and received the ball from the fi rst person (Type 3). The three types of control exercises, corresponding to each of the coordination exercises were: the movement of bouncing a ball (Type 1); stepping forward on one foot (Type 2); and, two persons passing two balls simultaneously (Type 3).
Experiment II: Performing
Experiment II aimed to assess the effects of performing coordination exercises and control exercises on brain activation. The subjects performed exercises in the MRI system following timing instruction prompts projected onto the LCD panel.
In this experiment, we employed two coordination exercises and two control exercises. The two types of coordination exercises selected were ones which are frequently used in clinical situations. The two types of coordination training were: fi nger tapping using two hands simultaneously (Type 1) and one person playing paper, scissors, stone using two hands such that the right hand won all the time versus the left hand (Type 2). There were two types of control exercises, corresponding to each of the coordination exercises: palm opening and closing (Type 1) and both hands playing paper, scissors, stone, performing exactly the same motions (Type 2).
Image acquisition
In Experiments I and II, the imaging session [252 s (84 TR) in total] consisted of 12 blocks with a duration of 21 s (7 TR), with 6 cycles × 2 categories, each of which consisted of the presentation or instruction of the coordination exercises or the corresponding control exercises. The coordination exercises and control exercises were presented or indicated alternately six times.
The MRI images were acquired using a 1.5 Tesla Toshiba VISART EX system with a standard quadrature head coil and ANMR echoplanar subsystem. The subject's head was positioned along the canthomeatal line and immobilized. T1-weighted sagittal scans were used to select 13 contiguous axial slices covering the entire cortex. Functional images were acquired using a gradient-echo echoplanar sequence (TR=3000ms TE=45ms, Matrix=96×96, Slice thickness=8mm, Gap=1.0mm, Slice #=13, FOV=260mm, Flip angle=70°). Prior to each image scan, images equivalent to 2 TR (6 s) were acquired and discarded to allow longitudinal magnetization to reach equilibrium.
Statistical analysis of imaging results
Individual maps
Slice timing, motion correction of functional images, co-registration with structural data, spatial normalization to the Montréal Neurological Institute (MNI) EPI image template using a non-linear basis function, and smoothing (8 mm Gaussian fi lter), as well as statistical analysis, relied on the SPM99 software package (Wellcome Institute of Cognitive Neuroscience, London, UK). The In all fMRI sessions, a blocked design (Box-car) was employed. In Experiment I, the subjects were instructed to imagine that they were performing training while viewing video images of coordination exercises and control exercises which were projected onto an LCD panel. In Experiment II, the subjects performed exercises in the MRI system, following a timing instruction prompt projected onto an LCD panel. http://www.soc.nii.ac.jp/jspe3/index.htm 101 statistical signifi cance of brain activation was evaluated based on voxelwise signal changes using the general linear model and random effects analysis in SPM99 . A typical boxcar model convolved with a hemodynamic response function of SPM was used. Confounding effects of fl uctuations in the global mean were removed by proportional scaling. Low-frequency noise was eliminated by applying a high-pass fi lter (0.375 cycles per min). Voxel values for task-versus-control contrast yielded a statistical parametric map of t-statistics which were then normalized to z scores. Furthermore, a contrast between the average results of Experiment I and those of Experiment II was created in an identical procedure. A corresponding contrast image for each subject was also created for group analysis.
Group maps
After generating all the subjects' images, we used a one-sample t-test to compare task versus control conditions in Experiments I and II. We also compared viewing (Experiments I) and performing (Experiments II) coordination training. The coordinates of the most signifi cantly active voxels (voxel size 2 × 2 × 2 mm) in these group results were then used to create activation maps of all the brain regions. Statistical analysis considered p < 0.001 (uncorrected) at voxel level as the relevant threshold of signifi cance. To correct for multiple comparisons across brain volume, an extension threshold was introduced at cluster level (p introduced at cluster level (p introduced at cluster level ( < 0.05 corrected). The VOTL database (The Research Imaging Center at the University of Texas Health Science Center) was used to determine the Broadmann areas (BAs), corresponding to the Talairach coordinates.
Results
Experiment I
The coordination exercises versus control exercises contrast images are shown in Figure 2 . On average, the subjects exhibited eminent activations for coordination exercises as compared to control exercises, in all of the following areas ( Table 1) right inferior parietal lobe (BA 40); (Type 3) right precuneus, left superior parietal lobe (BA 7), and right middle temporal gyrus. Regarding the type of coordination exercises, Type 3 exhibited conspicuous brain activation, as compared to the other two coordination exercises. Type 3 was the most complicated movement, involving more than one person participating, and it also included information processing of changes in the situation.
Experiment II
The coordination exercises versus control exercises contrast images are shown in Figure 3 . The subjects exhibited eminent activations for the coordination exercises compared to the control exercises, in the right inferior parietal lobe (Type 1) and right parietal lobe (Type 2) ( Table 2) . Regarding the tasks, the coordination exercises, Type 1 and Type 2, did not show any signifi cant difference in brain activation. This can be interpreted as showing that the two tasks were similar because of the restrictions of space and the level of diffi culty.
Experiment II exhibited greater activation in the left lingual gyrus (BA 18) and left anterior cingulate cortex (ACC) (BA 32) compared with Experiment I (Figure 4, Table 3 ).
Discussion
The present study showed that coordination exercises and control exercises differed in regard to the effects of brain activation assessed by fMRI. In Experiment I, we observed a difference in brain activation between viewing the coordination exercises and the control exercises in the middle temporal gyrus, the parietal lobe, and the occipital lobe, including the precuneus. In this experiment, the subjects watched the dynamic movements of the whole body in both kinds of exercises.
The visual system has been divided into two main streams (VanRullen, 2005) : the dorsal stream, Figure 3 Results of Experiment II The subjects exhibited eminent activations for coordination exercises as compared to control exercises in the right inferior parietal lobe (Type 1) and right parietal lobe (Type 2). including the parietal lobe, where information about motion and spatial relationships among objects is represented; and the ventral stream, including the temporal gyrus, which is concerned primarily with identifying the category of objects. The occipital lobe constitutes parts of both streams. Coordination training requires the coordination of both streams. Furthermore, the activated areas in viewing the coordination training contained V5, classically referred to as the visual-motion selective area; an area that correlates with mental imagery of motion (Goebel, et al., 1998) . Experiment I required the subjects not only to view the exercise, but also to mentally imagine the motion. The conspicuous difference in brain activation between the coordination exercises and control exercises might be interpreted as stemming from the degrees of complexity involved in the exercises. Turning to Experiment II on motor control, we observed differences in brain activation between performing the coordination exercises and control exercises in the parietal lobe, the occipital lobe including the lingual gyrus, and in the prefrontal cortex (PFC) including the ACC. In this experiment, t h e s u b j e c t s p e r f o r m e d p e r i p h e r a l a n d lo cal movements in both exercises.
Both performing and viewing the coordination training activated the occipital lobe and the parietal lobe. In addition, the PFC region was activated during performing in Experiment II. The PFC may be involved in the mapping of stimuli to appropriate responses within a particular task or context (McCarthy, et al., 1997; Kirino, et al., 2000) , which is required in the coordination exercises. In particular, the ACC detects conditions in which errors are likely to occur (Carter, et al., 1998) ; that is, the ACC is the locus of the higher function of execution or inhibition of unnecessary movements. Activation in the PFC, including the ACC, in performing may be attributed to the larger load in the execution of coordination movements or the inhibition of unnecessary movements, compared with the condition in only viewing them.
Both viewing and performing the coordination exercises showed conspicuous brain activation, a s c o m p a r e d t o t h e c o n t r o l e x e r c i s e s . T h e above-mentioned regions in the brain that were a c t i v a t e d , e i t h e r v i a v i e w i n g o r p e r f o r m i n g coordination training, are critically involved in the processing of visual information and the integration of perception and movement. Concretely, c o o r d i n a t i o n e x e r c i s e s i n v o l v e i n f o r m a t i o n processing, judging appropriate options and integrating movements corresponding to specifi c situations, while control exercises of simple movements tend to be routinized and do not require a great degree of mental activity.
I n s u m m a r y, t h e c o o r d i n a t i o n e x e r c i s e s employed in the present study contributed to not only an improvement in coordination abilities at a motor level but also to a greater degree of mental activity. This leads to a new concept of physical training involving coordination training in order to infl uence the mental condition of a person. Thus, this fMRI study documented the possibility of the application of coordination exercises for not only the improvement of motor activities but also for that of cognitive control, lending support to claims for the effectiveness of coordination training in medicine as well as in sports.
